Background: Myocardial ischemia and dysfunction can occur in hypertrophic cardiomyopathy (HCM) because of the high muscle-to-blood ratio, even without significant coronary artery disease. Microbubbles reside only in the intravascular space and myocardial video-intensity during systole results mostly from microbubbles within capillaries. The hypothesis explored in the present study was that an abnormal capillary density in apical HCM (ApHCM) can be demonstrated using myocardial contrast echocardiography (MCE).
ypertrophic cardiomyopathy (HCM) is clinically diagnosed by the presence of unexplained left ventricular hypertrophy (LVH), and pathologically diagnosed by myocyte hypertrophy, disarray, and interstitial fibrosis. 1,2 Apical HCM (ApHCM) is a variant of HCM, characterized by myocardial hypertrophy occurring predominantly in the left ventricular (LV) apex, with an "ace of spade" configuration of the LV and giant negative T-wave on ECG. 3 A decrease in coronary flow reserve associated with narrowing of the small intramyocardial arteries, despite usually normal epicardial coronary arteries, has been known to occur in patients with ApHCM. Although the exact cause of the decreased blood flow is still in some doubt, it may be related to small-vessel disease with decreased vasodilator capacity. 4-6 At the same time, it has been reported that capillary density is reduced in HCM. 7 Such histologic changes and resultant microvascular ischemia are thought to be factors related to the impaired myocardial contraction and relaxation observed in HCM. However, there is no clinically applicable non-invasive diagnostic modality for assessing reduced capillary density in the hypertrophied segment and its degree in these patients.
Myocardial contrast echocardiography (MCE) is a novel technique that uses microbubbles to produce myocardial opacification. Microbubbles have intravascular rheologic characteristics similar to those of erythrocytes and reside Reduced Capillary Density in ApHCM Assessed by MCE only in the intravascular space. 8-10 Therefore, the microbubble concentration (video-intensity in MCE) represents the relative blood volume of the myocardium. Furthermore, myocardial video-intensity during systole results mostly from microbubbles within myocardial capillaries, because blood in the small-to medium-sized arterioles and venules in the myocardium is squeezed out in the systolic phase. 11, 12 Our hypothesis in the present study was that an abnormally decreased capillary density and reduced blood volume of the hypertrophied myocardium associated with a high muscleto-blood ratio in ApHCM can be demonstrated using MCE. Simultaneously, we investigated the correlation of MCE cyclic variation and perfusion defect size with myocardial contractile properties assessed by tissue Doppler imaging (TDI).
Methods

Study Population
We consecutively enrolled 56 patients (31 males, age 58± 9 years; 33 ApHCM, 9 hypertensive LVH, 14 normal LV) with no clinical evidence of coronary artery disease (CAD) (Severance Hospital, Yonsei University Medical Center, Seoul, Republic of Korea). Patients with ischemic heart disease, atrial fibrillation or left bundle-branch block on ECG, primary valvular heart disease, regional wall-motion abnormalities, or an LV ejection fraction (EF) less than 50% on echocardiography were excluded. The diagnosis of HCM was made according to the World Health Organization/International Society and Federation of Cardiology criteria. 13 All ApHCM patients had giant negative T-waves in the precordial ECG leads, a characteristic 'ace of spades' configuration of the LV, and no intraventricular pressure gradient on echocardiographic evaluation. History of hypertension (HTN) was defined as: (1) patient previously diagnosed as having HTN and prescribed antihypertensive medication, and (2) patient demonstrates resting systolic blood pressure ≥140 mmHg or resting diastolic blood pressure ≥90 mmHg on 2 measurements performed at 5-min intervals in a quiet room. Nine patients with hypertensive LVH had both HTN and LVH determined by echocardiography. 14 This study was approved by the Institutional Review Board and complied with the Declaration of Helsinki. Informed consent was given by all study subjects.
Echocardiographic Evaluation
A comprehensive transthoracic echocardiographic evaluation was performed in all patients at the time of initial diagnosis before MCE was performed. Standard M-mode, 2-dimensional, and color Doppler images were obtained in the parasternal and apical views. End-diastole was defined as the frame with the largest cavity area immediately before the onset of the QRS, and end-systole as the frame with the smallest cavity area. LV end-diastolic volume, LV end-systolic volume, and LVEF were calculated from 2-D recordings using the modified biplane Simpson's method as described previously. 15 LV mass was calculated as:
where LVIDd is the internal diameter of LV at end-diastole and PWTd and SWTd are respectively the posterior wall thickness and septal wall thickness at end-diastole. 14 The LV mass was indexed to body surface area (LV mass index). Left atrial (LA) volume was assessed by the biplane arealength method and was indexed to body surface area (LA volume index [LAVI]). 14 All patients underwent an evaluation with pulsed-wave Doppler echocardiography of mitral inflow and TDI. From the mitral inflow velocities, the following variables were measured: peak velocity of early diastolic filling (E), late filling (A), and deceleration time of the E-wave velocity. On TDI, peak systolic mitral annular velocity (S') and early diastolic mitral annular velocity (E') were measured from the apical 4-chamber view with a 2-to 5-mm sample volume placed at the septal and lateral corner of the mitral annulus. The mean of 3-6 measurements was used for analysis. E/E' was calculated to estimate LV filling pressure. Right ventricular systolic pressure was calculated from tricuspid regurgitant flow velocity as determined in continuous wave Doppler mode.
MCE Using Perfluorocarbon-Exposed Sonicated Dextrose Albumin (PESDA)
MCE was performed at rest, with low-mechanical-index (<0.1) power modulation imaging (Sonos 5500, Agilent, USA) during continuous infusion of microbubbles. PESDA was prepared in a manner similar to previously described methods: 16 5% percent human serum albumin and 5% dextrose were used to prepare the microbubbles. Next, 12 ml of 5% dextrose and 4 ml of 5% human serum albumin (total 16 ml) were drawn into a 35-ml monojet syringe. Each dextrose albumin sample was hand-agitated with 8 ml of perfluorocarbon (molecular weight: 188 g/mol), and the sample was then exposed to eletromechanical sonification for 80 s using commercially available equipment (Heat System Inc, USA). According to the manufacturer, the sonification process involves the transference of electrical energy to mechanical energy (495 W). Energy output was adjusted by means of a digital scale during the sonification process to achieve 25±3% of this maximal output during the entire sonification time (124±15 W). Because the energy is emitted vertically from the circular 0.5-inch horn tip, the output from the horn tip was estimated to be 98±11 W/cm 2 . The mean microbubble size of PESDA made by this method is known to be 4.7±0.2μm, with a mean concentration of 1.3±0.1×10 9 microbubbles/ml. 16 PESDA (0.00125-0.0025 ml/kg) was injected into the antecubital vein through a 19-gauge needle. MCE images were then obtained under resting conditions with the constant gain setting determined most appropriately before starting imaging. Images were acquired from the apical 4-, 3-and 2-chamber views. The region of interest was placed at the LV apex. Systolic video-intensity was determined at end-systole (the end of the T wave on ECG) and diastolic video-intensity was determined at end-diastole (appearance of the QRS complex on ECG). Cyclic variation of video-intensity (% of [systolic video-intensity]/[diastolic video-intensity]) at the apex was measured using Yabco MCE software (Yabco, USA). Perfusion defect size (% of [perfusion defect area]/[LV myocardial area] in apical view) was determined using Image J (NIH, USA). The echocardiographic data were analyzed by 2 experienced echocardiographers who were unaware of patients' clinical data.
Sestamibi Single-Photon Emission Computed Tomography ( 99m Tc-MIBI SPECT)
99m Tc-MIBI SPECT using a double headed camera was additionally performed for every enrolled patient to exclude significant CAD and to assess myocardial blood flow. Adenosine stress SPECT imaging was performed 45-60 min after the injection of 8-15 millicuries of MIBI through a dedicated intravenous line. Rest MIBI SPECT images were acquired 4-6 h later using 25-35 millicuries MIBI. The images were MOON J et al.
processed at the institution's nuclear laboratory and analyzed by 2 experienced observers who were unaware of the clinical and echocardiographic information of the patients.
Statistical Analysis
Continuous variables are listed as mean ± SD when appropriate. Categorical variables are presented as frequencies and group percentages. Clinical and echocardiographic differences between the study groups were assessed using χ2 statistics and Fisher's exact test for categorical variables, and 1-way ANOVA test for continuous variables. Post hoc analyses were performed using the Bonferroni procedure. Pearson's bivariate correlation analysis was used to determine the correlation between variables. SPSS 12.0 (SPSS Inc, Chicago, IL, USA) was used for all statistical analyses. P<0.05 was considered to be statistically significant.
Results
Clinical characteristics and echocardiographic parameters of the enrolled patients are shown in Table. The proportion of males was higher in the ApHCM group. LVEFs were grossly comparable among each group of subjects. However, S' values determined at the septal and lateral corner in patients with ApHCM were significantly lower than those of the hypertensive LVH group and the normal LV group (P<0.05 for all). Post hoc analysis also showed that septal and lateral S' were significantly decreased in patients with ApHCM, when compared separately with those of the hypertensive LVH group or the normal LV group (Figure 1, P<0 .05 for all). At the same time, LAVI was significantly higher in ApHCM patients than in the hypertensive LVH and normal 
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LV groups. The LV end-diastolic dimension was also significantly higher. SWTd, end-systolic septal wall thickness, PWTd, and end-systolic posterior wall thickness were significantly different among each group (P<0.05 for all). In all patients with ApHCM, MCE showed an abnormal perfusion defect in the apical segments, whereas SPECT showed normal or rather increased perfusion of those portions. Figure 2 shows typical MCE findings in patients with ApHCM (Figures 2A,B) and measurements of the cyclic variation of video-intensity (Figure 2C) . A decrease in the video-intensity during systole was observed at the apex in patients with ApHCM (Figure 3) . The cyclic variation of video-intensity was significantly exaggerated in ApHCM when compared with LVH and normal LV (33.0±12.3%, 88.3±19.2% and 79.4±13.9%, respectively [P<0.05]). MCE cyclic variation showed a significant positive correlation with S' (Figure 4 [P<0.05, r=0.51]). In patients with ApHCM, MCE defect size showed a significant negative correlation with S' (Figure 5 [P<0.05, r=−0.47]). 
Reduced Capillary Density in ApHCM Assessed by MCE
Discussion
The principal findings of the present study are that (1) a perfusion defect in the hypertrophied apical segment was observed using MCE in patients with ApHCM, and (2) the degree of MCE cyclic variation and the perfusion defect size were significantly correlated with decreased systolic mitral annular velocity.
ApHCM and Microvascular Dysfunction
Apical hypertrophy is a common type of HCM in East Asia and has been thought to have a relatively favorable prognosis. In recent years, however, the condition has been reported as less benign than previously considered. Severe apical hypertrophy could impose pressure overload and impair coronary flow in the LV apex, thereby inducing myocardial ischemia. 17 Myocardial infarction appears to be a common complication of ApHCM during long-term follow-up, even without significant CAD. 18 Microvascular dysfunction and structural changes, such as collagen deposition around penetrating intramyocardial coronary arteries in HCM, are thought to decrease coronary flow reserve in these patients. 19 It is also well known that the volume of the interstitial collagen compartment is greatly increased in HCM. Furthermore, a decreased capillary density has been measured in several animal studies with experimentally induced secondary hypertrophy and it has also been reported that decreased coronary flow reserve in HCM is related to remodeling of the coronary microcirculation. 7 This microvascular small-vessel disease is responsible for clinically silent myocardial ischemia, myocyte death, and repair in the form of replacement scars, which could serve as an electrically unstable substrate and nidus for reentry ventricular tachyarrhythmias. Recently, microvascular dysfunction in ApHCM was regarded as having a pivotal role in the clinical manifestations and prognosis of patients. Therefore, evaluation of reduced capillary density and microvascular dysfunction in ApHCM may be of clinical importance.
MCE in ApHCM
Clinically, it can be occasionally challenging to differentiate HCM from hypertensive heart disease and athletes hearts on the basis of morphologic or functional abnormalities alone. 20 The results of the present study illustrate that reduced capillary density and decreased blood volume of the hypertrophied myocardial segment in ApHCM can be assessed non-invasively by MCE. The microbubble is a unique medium that resides only in the intravascular space, whereas the nuclear tracer used in 99m Tc-MIBI SPECT to evaluate CAD migrates to the interstitial or intracellular space of the myocardium. At the same time, small-to medium-sized arterioles and venules in the myocardium collapse and blood in those vessels is squeezed out during systole, 11,12 while blood remains in myocardial capillaries. 21 Thus, it can be said that myocardial video-intensity during systole results mostly from microbubbles within capillaries. On the other hand, myocardial video-intensity in the diastolic phase is determined by not only microbubbles within capillaries but also by microbubbles contained in the arterioles and venules of the myocardium. Therefore, in our opinion, the more decreased myocardial video-intensity is during systole, the more decreased the capillary density in the region of interest on MCE. In the present study, ApHCM patients had significantly decreased myocardial video-intensity during systole, which means decreased blood volume and a high muscle-to-blood ratio of the hypertrophied segment. On the other hand, SPECT showed normal or rather increased perfusion of the apical segments. Nuclear tracer readily diffuses into and accumulates in the myocardium and increased uptake can occur in the hypertrophied segment of the LV of patients with ApHCM. 22, 23 These results may represent abnormal capillary density and, probably, microvascular dysfunction occurring in the hypertrophied myocardial segments of patients with ApHCM, even without significant CAD. Although this characteristic change can be confirmed by histologic evaluation, the current diagnostic criteria for HCM (and ApHCM) do not justify practices such as an endomyocardial biopsy. Until now, there has not been an appropriate method of evaluating microvascular function in vivo. 24 MCE is a relatively economical, portable, noninvasive, and reproducible diagnostic modality for assessing microvascular dysfunction in HCM. Therefore, MCE could be a novel tool to evaluate abnormally reduced vascular density in the hypertrophied myocardium in HCM and provide helpful insights for better understanding the pathophysiologic changes of HCM.
MCE Cyclic Variation, Perfusion Defect Size, and Contractile Function in ApHCM
In this study, systolic mitral annular velocity (ie, S') in ApHCM patients was significantly decreased compared with the hypertensive LVH patients and normal subjects, whereas LVEFs were grossly comparable among the study groups. This means that the systolic longitudinal motion of the myocardium in ApHCM patients is more impaired than that of normal subjects and hypertensive LVH patients. Simultaneously, the degree of MCE cyclic variation had a significant positive correlation with S' in the entire study population and the perfusion defect size showed a significant negative correlation with S' in patients with ApHCM. Although it is not clear what these results mean, they are notable findings because decreased capillary density in the hypertrophied myocardial segment showed a significant correlation with the impaired systolic longitudinal motion reflected by TDI. In our opinion, the relatively decreased S' in ApHCM patients may represent an impaired myocardial systolic property and consequent subclinical systolic dysfunction in these patients, despite a normal LVEF. It was reported that TDI consistently detects myocardial dysfunction in patients with HCM without detectable LVH 25 and even in HCM mutation carriers. 26 Concurrently, experimental data strongly indicate the essential abnormality in HCM is impaired myocardial function, which provides the impetus for development of compensatory LVH. 27 Therefore, myocardial systolic and diastolic functions would be expected to be impaired, even in the absence of segmental hypertrophy in HCM. The results of the present study tell us that this may be also relevant in ApHCM patients, because S' was determined at the septal and lateral corner of the mitral annulus, which were non-hypertrophied segments. Further study is warranted to reveal what a reduced S' means clinically in patients with ApHCM and its pathophysiologic association with the abnormal muscle-to-blood ratio in the hypertrophied segment of LV in these patients.
Study Limitations
First, our study had a small sample and second, coronary angiographic exclusion of CAD was not performed for every patient. Finally, histologic evaluation was not performed for ethical reasons. An animal study including histologic evaluation to determine the feasibility of MCE in HCM model is needed.
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Conclusion
MCE may detect an abnormal muscle-to-blood ratio in ApHCM patients. MCE may be a novel tool for evaluating reduced capillary density in the hypertrophied segment in patients with ApHCM and a helpful diagnostic test for better understanding ApHCM pathophysiology.
